Three trials conducted in Waikato evaluated the use of the proprietary imidazolinone herbicide mixture of imazethapyr plus imazapyr for weed control in imidazolinone tolerant (IT) maize crops. A range of herbicide rates, application times and adjuvants were evaluated. The results show that imazethapyr/imazapyr herbicide mixture was very effective in controlling a variety of both monocotyledonous and dicotyledonous annual weeds. Some perennial weeds present in the trials were also well controlled. Imazethapyr/imazapyr was more effective when applied early post-emergence and Hasten® was the most effective adjuvant for increasing the efficacy of imazethapyr/imazapyr. The IT maize crop and final grain yields were not affected by these herbicides.
INTRODUCTION
The use of genes conveying herbicide tolerance in crop plants has introduced a new level of management for growers. Often the herbicide to which the crop is tolerant, can effectively control weeds that have been difficult to control in the past. These weeds may have been difficult to control due to the low potency of the herbicides that can be used in the crop or because the weed is closely related to the crop and cannot be controlled selectively.
The genes that convey herbicide tolerance may be introduced into a host plant either by genetic engineering or by traditional breeding. In the former a tolerant gene from another species is usually used to confer tolerance, while in the latter the gene comes from a plant of the same species that has shown unnaturally high tolerance to the herbicide. The tolerance of maize plants to the imidazolinone family of herbicides was achieved by traditional breeding methods using a regenerated plant selected as resistant in tissue cell culture (Botterman & Leemans 1988; Shaner 1996; Owen 1997) .
The imidazolinone herbicides were developed in the late 1970s and 1980s for use in a range of crops including oil palms, rubber trees, sugarcane, forestry, soya beans, cereals, sunflower and lentils. They have a broad spectrum of weed control that includes both monocotyledonous and dicotyledonous species. These chemicals are absorbed by both roots and leaves of plants, thus, weeds can be controlled by both soil and foliar application of these herbicides (Shaner 1991) . After translocation to the site of action in the growing point of the plant they inhibit the enzyme acetohydroxyacid synthase (AHAS) and disrupt protein synthesis and cell growth. The mode of action is similar to that of the acetolactate synthase (ALS) inhibiting herbicides (mainly sulfonylureas) and cross resistance in weeds is a possibility (Botterman & Leemans 1988) . Some imidazolinone herbicides have also been shown to be moderately persistent and mobile in New Zealand soils (James et al. 1999; Rahman et al. 1993) The herbicide Lightning® is a proprietary mix of the imidazolinone herbicides imazethapyr (525 g/kg) and imazapyr (175 g/kg), formulated as a dry granule (DG). This paper reports on field trials evaluating the efficacy of imazethapyr/imazapyr for controlling weeds in imidazolinone tolerant (IT) maize.
MATERIALS AND METHODS
Three field trials were conducted between 1997 and 1999 at different sites in Waikato. At each site an IT maize (Zea mays, cv. Cobra or Garst 451) was planted using conventional methods. All trials were randomised block designs with individual plots of 10 m x 3 m containing four crop rows and treatments were replicated four times. All herbicide treatments were applied with a CO 2 powered precision sprayer in 213 -300 litres water/ha at 210 kPa.
Trial 1 was sited on a Bruntwood silt loam soil with 61% sand, 16% clay, 7.3% organic carbon and a pH of 5.6. The crop was planted on 11 November 1997 and the preemergence treatments (Table 1) were applied the following day. At the time of spraying it was overcast, 14°C, the soil surface was damp and 37 mm of rain fell within 7 days of treatment. The early post-emergence (EPO) treatments were applied on 28 November 1997 when it was overcast and 18°C. The maize plants were about 7.5 cm high with 2 -3 leaves and the weeds were mostly willow weed (Polygonum persicaria) with 2 true leaves. On the day after treatment 2mm rain fell. The late post-emergence (LPO) treatment was applied on 19 December 1997 when it was sunny and 19°C. The maize plants were 25 -30 cm high. Two days after this treatment was applied 18 mm of rain fell. Trial 2 was on a Horotiu sandy loam soil with 58% sand, 15% clay, 5.8% organic carbon and a pH of 5.1. The site was treated with glyphosate prior to cultivation to control perennial weeds and the crop was planted on 5 November 1998. The pre-emergence treatments (Table 2) were applied on 6 November 1998. At the time it was sunny, 16°C and the soil surface was mostly damp with some trash. The post-emergence treatments were applied on 17 November 1998, when the weather was partly cloudy and the temperature about 20°C. The maize plants were 6 -8 cm high with 4 -6 leaves. At the time of the post-emergence treatment, Treatments 3 -10 (which had no pre-emergence treatment) contained weeds up to 5 cm tall, consisting mostly of spurrey (Spergula arvensis) willow weed, redroot (Amaranthus spp.), smooth witchgrass (Panicum dichotomiflorum), summer grass (Digitaria sanguinalis) and catchfly (Silene gallica).
The site of Trial 3 was on a Bruntwood silt loam soil, similar to that for Trial 1, which had been in continuous maize for several years. It was left undisturbed after harvest and cultivated in spring without the use of a pre-cultivation herbicide. Thus the site contained a dense infestation of creeping buttercup (Ranunculus repens) and regrowth of broadleaved dock (Rumex obtusifolius). The maize was planted on 5 November1998, the pre-emergence treatments (Table 3 ) applied on 6 November 1998, the EPO treatments on 20 November 1998 and the LPO treatments on 12 December 1998. Conditions for the EPO application were partly cloudy and 17°C; maize plants were 8 -10 cm high with 4 -5 leaves, grass and broadleaf weeds had up to 6 true leaves, creeping buttercup had 6 -8 leafed rosettes and docks were regrowing strongly from old roots. Conditions for the LPO application were partly cloudy and 16°C; maize plants were 40 -60 cm high with 8 -10 leaves, creeping buttercup formed dense mats of large rosettes and broad-leaved dock was 30 -50 cm high with some plants flowering. Visual assessments of weed control and crop damage were made on several occasions after application of the treatments. Where applicable, weed dry matter (DM) harvests were taken in January or February by harvesting weeds in duplicate 0.5 m 2 quadrats from each plot. The weeds were separated into grasses and broadleaf species before drying and weighing. Grain yields were determined in May (Trials 1 and 2 only) by harvesting 25 cobs from each of the two central rows of each plot. The cobs were air dried for a month then shelled, weighed and the moisture content of the grain measured. Grain yields were adjusted to 14% moisture content. All data were subjected to analysis of variance (ANOVA) to separate the means. Observational data were analysed unmodified but dry matter data were transformed [log(x + 0.01)] before analysis to reduce heterogeneity of variance. The arithmetic means and least significant difference (LSD) are presented for observational data and maize grain yields. For weed dry matter data, significant differences (P<0.05) were determined on the means of the transformed data and these differences are identified by the letters associated with the means of the raw data presented.
RESULTS

Weed control
In Trial 1 all the herbicide treatments resulted in excellent early season weed control. However by late December weeds were beginning to emerge in some of the treatments (Table 4) . By the end of January a few fathen plants were present in many of the plots. However, the level of weed control was still very good in most plots with acetochlor plus imazethapyr/imazapyr (both EPO and LPO) and high rate of imazethapyr/imazapyr alone performing the best. For the weed dry matter determination in January the weeds were separated into broadleaf and grass weeds. These results show that broadleaf weeds were well controlled with imazethapyr/imazapyr with only a few late germinating fathen and thorn apple (Datura stramonium) plants escaping (Table 4) . Imazethapyr/imazapyr was less effective on the grass weeds with only the high rate giving acceptable control. Thus combinations of imazethapyr/imazapyr and acetochlor covered the weed spectrum and provided excellent weed control. In each column, data with letters in common are not significantly different (P<0.05).
Similarly in Trial 2, imazethapyr/imazapyr gave very good control of the broad-leaved weeds present, although the level of control achieved was affected by both the herbicide rate and the adjuvant used. The adjuvant Hasten was superior to the other three adjuvants evaluated, viz. Weedmaster CT Surfactant®, Ethokem® and Citowett® (Table 5) . Hasten is an esterified seed oil (Canola) and it provided greater efficacy at the 1.0% v/v rate than the 0.5% v/v rate. Weedmaster CT Surfactant and Ethokem are ethoxylated tallow amines while Citowett is an alkylaryl polyglycol ether. Increasing rates of imazethapyr/ imazapyr resulted in better weed control with the high rate of 158/52 g/ha keeping the plots weed free for the duration of the crop. As in Trial 1, imazethapyr/imazapyr exhibited less activity on the grass weeds than the broad-leaved weeds. However, all rates and combinations of imazethapyr/imazapyr with Hasten provided better control of the grass weeds than the standard treatment of acetochlor plus atrazine. In each column, data with letters in common are not significantly different (P<0.05).
In Trial 3 imazethapyr/imazapyr again gave excellent control of the weeds in combination with the adjuvant Hasten (Table 6 ). When used with the alternative adjuvant, Weedmaster CT Surfactant, the level of weed control attained was significantly less. The best control was achieved when imazethapyr/imazapyr was used early postemergence by itself rather than late post-emergence following another herbicide. Imazethapyr/imazapyr effectively controlled all the annual species present, creeping buttercup and seedling docks. It also gave excellent knockdown of the large dock plants that were regrowing from old rootstock but, by the end of the season many were again regrowing from the same rootstock. Table 3 for a detailed description of the treatments.
Crop tolerance
In all three trials imazethapyr/imazapyr was well tolerated by the IT maize varieties used. The crop was inspected every few days after the application of the herbicides for signs of injury. No discolouration, leaf distortion or stunting was observed at any stage. The production of grain in both Trials 1 and 2 was similar in all the treated plots, with only untreated control yielding significantly less (Tables 4 and 5 ).
DISCUSSION AND CONCLUSIONS
Results of these trials show that imazethapyr/imazapyr herbicide mixture was very effective in controlling a variety of both monocotyledonous and dicotyledonous weeds in IT maize crops. Imazethapyr/imazapyr was more effective when applied early postemergence than late post-emergence. Hasten was the most effective of the adjuvants tested with this combination giving superior weed control. The IT maize crop and final grain yields were not affected by these herbicides.
As well as annual weeds there are many difficult to control perennial weeds in New Zealand maize crops (Rahman 1985) . Imidazolinone herbicides have already been found effective for control of some perennial weeds (Rahman & Sanders 1992; Winfield & De Ath 1985) and are currently being evaluated for their efficacy against weeds such as couch (Elytrigia repens), Mercer grass (Paspalum distichum), bindweeds (Calystegia spp.) and oxalis (Oxalis spp.) in maize.
For best management practices, growers should have available to them a complete range of products so they can choose to control weeds with either pre-or post-emergence applications of herbicides. Annual weeds growing in maize do not start to compete with the crop for at least the first 3 weeks after emergence (James et al. 2000) . Thus, the availability of a broad spectrum herbicide such as imazethapyr/imazapyr that can be used post-emergence allows growers more freedom in designing their weed management programmes to target specific weeds over a greater application window. This will lead to reduced herbicide use, less environmental impact and ultimately, more sustainable practices.
